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Abstract

When a fragnment (projectile) inpacts a stack of munitions, a
strong shock can be produced which can initiate/detonate the
expl osive in the nmunitions. The critical velocity required to
initiate the explosive is principally a function of the diameter
of the fragnment. However, the shape of its tip also influences
the initiation process. A conputational study was conducted to
aid in understanding these effects and to determ ne the critical
velocities of projectiles. This understanding is inmportant in
preventing munitions expl osions.

The nmunitions were sinmulated as explosives with different
types of covers, and fragnents were sinulated as projectiles of
di fferent shapes and sizes. Two-dinensional (2-D) sinulations
of projectile inpact on covered expl osives were made. The
response of the munitions was neasured by nonitoring pressure at
vari ous | ocations inside the explosive |ayer.

Comput ational results show that for large (nore than 5-nm
di ameter projectiles, higher critical velocities than predicted
by a well-known nodel (Jacobs-Roslund) are required to initiate
t he explosive. But for small dianeter projectiles, the
velocities calcul ated using the CTH code and the velocities
predi cted by Jacobs- Rosl und are cl ose.

I nt roducti on

When a projectile inpacts a nmunition, the | oading produced
in the explosive may initiate reaction. The critical velocity
required to cause reaction is principally a function of the
projectile's dianmeter. But the casing thickness of the nunition



al so plays a significant role in preventing the reaction in the

muni tions. The response of high explosives to projectile inpact

is of considerable inportance in assessing the vulnerability of

muniti ons. Their response, when inpacted by small but high-speed
projectiles, is of particular interest.

Conditions required for shock-to-detonation transition
following the inpact of projectiles having | arger dianeters have
been well characterized and are descri bed by an enpirical
relati onship commonly known as the Jacobs- Rosl und equation. The
equati on was developed to aid in resolving the conflicting data
inthe literature and to predict the response of nunition
expl osi ves for various conditions of fragnent or projectile
i npact. The equation determnes the critical velocity of the
fragment or projectile. The critical velocity is defined as the
m ni mum vel ocity of the projectile, which causes the expl osive
to detonate.

The shock magnitude and duration are very inportant in
controlling buildup to detonation. Once the expl osive has been
initiated, the detonation wave will continue to propagate
t hr oughout the explosive as long as the dianeter of the
initiated explosive is sufficient. If this region is too small
to sustain the detonation, rarefaction will influence the
propagation of detonation and restrict the reaction. This
suggests that projectile dianeter and inpact velocity are the
mai n parameters that control the initiation process. A
projectile with a |arger dianeter produces a broader shock wave
that is | ess susceptible to rarefaction and, therefore, nore
effective in initiating the expl osive.

In order to understand the response of munitions inpacted by
various types of projectiles, a conmputational study using the
CTH code was conducted. The History Vari abl e Reactive Burn
(HVRB) nodel was used. Predictions of projectile-inpact
initiation were much better with the HYRB nodel than sonme ot her
nodel s.

The work described here is a small part of a |larger project
to determne initiation algorithns suitable for inclusion in the
codes. Such al gorithms should be sinple, because they are used
many tinmes during the course of a vulnerability analysis. The
overal |l ARL program conbi nes experinmental and conputati onal
work, and results of the larger programw || be reported
el sewhere. In this paper, sonme of the conputational results wll
be reported, and we al so report how these results conpare to
predi ctions made with the Jacobs-Roslund equation, a very sinple



for predicting threshold velocities for the initiation and
det onati on of the expl osives.

Descri ption of CTH and the HRVB Model

CTH was devel oped by the Sandi a National Laboratories. It is
i ntended to provide capabilities for nodeling dynam cs of
mul ti di mensi onal systens with nultiple materials, |arge
deformati ons, and strong shock waves. The code uses finite
di fference anal ogs of the Lagrangi an equati ons of nonentum and
energy conservation with continuous rezoning to construct
Eul eri an differencing. Shock and detonation waves are treated
using the nmethod of artificial viscosity. CTH uses anal yti cal
(M e-Guneisen, JW, etc.) and tabul ar (Sesane) equations of
state, as well as nodern constitutive nodels (Johnson- Cook;
Zerilli-Armstrong) including fracture (void insertion). Three
reactive and two porosity nodels are also incorporated into the
code.

These nodel s provide an opportunity to treat conpl ex
mat eri al behavior, including nelting, vaporization, solid-phase
transitions, chem cal reaction, and electronic excitation and
i onization. The reaction nodel is the Programmed Burn nodel for
det onati on propagati on and the HRVB nodel for shock initiation.
The Progranmmed Burn nodel forces detonation at the
characteristic propagation velocity through a specified portion
of the conmputational nmesh. The HVRB nodel (Kerley 1992) is
designed to treat the process of initiation of detonation in
shock-1 oaded hi gh expl osi ves.

The March 1999 rel ease of CTH was used during the course of
this study, because it offered nore versatile problem
configuration options, nore realistic constitutive nodels, and a
nore accurate reactive nodel than earlier versions of the code.

SI MULATI ON CONFI GURATI ONS

The projectile/target configuration was varied in various
conput ati ons. Various types of projectiles were sinulated during
the course of this study. Variations included shape (spheres and
cylindrical with hem spherical tip), length (2.54 cmto 10 cm,
di ameter (5-mmto 15-mm), and velocity (1.00 knfs to 4.50 km's).
Al'l projectiles inpacted with zero-degree obliquity to the upper
surface of the target.



The nmunitions (targets) were represented as expl osive
cylinders with covers of varying thickness (1.25 mmto 15.0 mm).
The target was sinulated as a cylinder of varying depth and
di anmeter. The explosive used in nost of the conputations was a
30-mm deep and 60- nm di aneter Conposition B (Conp B) charge but
in some other conputations, the size of the explosive was
vari ed.

Two- di mensi onal (2-D) plane strain conputations of
projectile inpact on these targets were nade. The 2-D
simul ati ons afforded considerable savings in running and turn
around time. Thus, they allowed a greater nunmber of conputations
with variations in the projectile and target geonetries. The
projectile, often referred to as a rod, is always characteri zed
by its dianeter, and it may be either sphere or cylinder with
hem spherical tip. Square 0.1-mm zones were used in two-

di mensi onal conputations.

Sonme conputations were also performed using 0.2-mm and 0. 4-
mm squar e zones, and results were conpared with the
conputational results fromO. 1l-mnm square zones. The 0.2-mm and
0.4-mm square zone sinulations were performed in anticipation of
transitioning from2-D to 3-D sinulations.

The response was neasured by monitoring the pressure at
various locations inside the explosive |ayer. The reaction of
t he expl osive was al so nonitored at various tinmes and | ocations.
Many configurations were sinulated. One of the configurations is
shown in Figure 1. The figure shows a projectile, cover and
expl osi ve.
Sone of the conputational configurations are summarized in
Tabl e 1.

Table 1. Conputational Configurations

Cover (H, mm Di ameter of Projectile (D, nm H D
1.25 5. 00 0. 25
2.50 5. 00 0. 50
5.00 5. 00 1.00
2.25 10. 00 0. 225
5.00 10. 00 0. 50

10. 00 10. 00 1.00
3.75 15. 00 0. 25
7.50 15. 00 0. 50

15. 00 15. 00 1. 00




Initiation of Conposition B by Projectile Inpact

Gener al

Projectile-inpact sinmulations were run in order to determ ne
critical velocity for initiation as a function of projectile
di ameter and cover plate thickness.

Reaction variable and pressure contour plots were nade.
Plotting contours of reaction variable at various tinmes
facilitated visualization of the results. Detonation was
identified as a region of closely spaced contours of both
vari abl es. Pressure histories at Lagrangian stations in the
expl osi ve were al so usef ul

Axi symmetric conputations were nmade for sonme of the
configurations. The projectile's dianeter was varied between 5.0
mm and 15.0 mm and cover thickness was varied between 1.25 nm
and 15.0 mm The ratio of projectile dianmeter and cover
t hi ckness was kept the sane for both sets of configurations
(spherical and cylindrical projectiles).

Spherical Projectiles

Spherical projectiles of different dianmeters and velocities
i npacted 30. 0-mm deep and 60. 0-mm di aneter Conposition B charge
with covers of various thicknesses.

For a 5.0-mmthick cover and a 10.0-mm di anmeter projectile

t he expl osive detonated when the inpact velocity was 3.2 mni ns
but did not detonate when the inpact velocity was decreased to

3.1 mm ns.

Figure 2 shows a sequence of reaction variable and pressure
contour plots for initiation of Conp B target by the inpact of a
5-mm di aneter spherical projectile at 3.2 mmns. Conp B
detonated at about 3 ns. The expl osive detonated close to the
cover. \When the rod velocity was decreased to 3.1 m ns or |ess,
t he explosive did not detonate. A sequence of reaction variable
and pressure contour plots for nondetonating Conp B is shown in
Figure 3. The contours are separated and do not converge, even
20 ns after inpact. Although the explosive did not detonate when
the projectile hit the charge at a velocity of 3.1 mins, it did
produce sonme reaction in the expl osive.

Cylindrical Projectiles



In this set of conputations, cylindrical projectiles with
hem spherical noses were used. The dianeters, |engths, and
velocities of the rod varied in various conputations. These
cylindrical projectiles inpacted a 30-mm deep and 60- mm di anmet er
charge that had a cover of various thickness.

Figure 4 shows a sequence of reaction variable and pressure
contour plots for initiation of Conp B target by the inpact of a
15-mm di aneter cylindrical with hem spherical -nosed projectile
at
3.7 mMns. The charge had a 15.0-mm thick cover. The reaction
vari abl e contours remai ned spread out for a |long period of tine.
The penetrator penetrated about 5 mminto the expl osive before
the reaction started. At about 7 ns, the reaction variable
contours becanme closely spaced near the axis, indicating that
build up to detonation had occurred. The detonation then
propagat ed away fromthe penetrator and into the renmai nder of
t he charge.

More sinmul ations were run using various inmpact velocities.
VWhen the velocity of the projectile was decreased to 3.6-mi ns
or lower, the explosive did not detonate. A sequence of reaction
vari abl e and pressure contour plots for nondetonating charge
were nmade and are shown in Figure 5. The contours were separated
and did not converge, even 20 ns after the inpact. Although the

expl osi ve did not detonate when inpact velocity of 3.6-mm ns was
used, it did produce sone reaction in the expl osive.

As mentioned earlier the diameter of the projectile and
cover thickness were varied in various conputations. A product
of velocity and diameter of the projectile (VD>®) as a function
of HDis plotted in Figure 6. In the J-R equation, (VD"°
depends only on the ratio H D. This figure shows that for
smal | er diameters the conputed and predicted velocities are very
cl ose but for larger dianeter they deviate. The velocities
consi dered here are higher than those normally considered with
J-R These results show that J-R underestimtes the dianeter
dependence at these velocities.

A conparison of the conputed velocity and velocity
cal cul ated by using Jacobs-Roslund relationship for various
configurations is shown in Table 2. This table shows that for
| arge (nore than 5-mm diameter projectiles, higher velocities
t han predicted by Jacobs-Roslund are required to initiate the
expl osive. But for small diameter projectiles, the velocities
cal cul ated using the CTH code



Tabl e 2. Conparison of Cal cul ated and Predicted Velocities

Cover Di aneter of Projectile H D Vel ocity Zone Siz
(H (D [m) (rm? ns)
[m)
CTH J-R
nm
1.25 5.00 0. 25 3.35 2.98 0.1
2.50 5. 00 0. 50 3.75 3.35 0.1
5. 00 5. 00 1.00 4. 25 4. 08 0.1
2.25 10. 00 0. 225 2.75 2.08 0.1
5.00 10. 00 0. 50 3.15 2. 37 0.1
10. 00 10. 00 1.00 4. 35 2.89 0.1
3.75 15. 00 0. 25 2.45 1.72 0.1
7.50 15. 00 0. 50 2.85 1.93 0.1
15. 00 15. 00 1.00 3. 65 2.36 0.1
4.763 25. 40 0.1875 2.10 1.28 0.1
4.763 25. 40 0. 1875 2.10 1.28 0.2
4.763 25. 40 0.1875 2.10 1.28 0.4
1.25 5. 00 0. 25 3. 35 2.98 0.1
1.25 5.00 0. 25 3.35 2.98 0.4

and the velocities predicted by Jacobs-Roslund are close. Table
al so shows that changing the zone size fromO.1l-mmto 0.4-nmm
does not have any effect on the critical velocity of the
projectile. The results suggest that the Jacobs- Rosl und
criterion may be valid for small dianmeter projectiles but may
not be valid for |arge dianmeter projectiles, and perhaps, 2-D
simul ati ons may be | ess accurate as conpared to 3-D sinmulations.
Some of the results conpared, here, are extrapol ated beyond the
predi ction capability of Jacobs-Roslund equation and, obviously,
t hose predicted velocities would not match with the conputed

vel ociti es.

Di scussi on and Summary

A conputati onal study was conducted to determ ne the
critical velocity of the projectile. The History Vari able
Reactive Burn (HVRB) nodel, sinulating projectile-inpact
initiation, was used. The munitions were sinul ated as expl osive
cylinders with cover of varying thickness. The fragnents were
sinmul ated as projectiles of different shapes and si zes.



Two- di mensi onal simnulations of projectile inpact on covered
expl osi ves were made. The conputational results did not match
closely with the prediction of Jacobs-Roslund. In future, sone
of the conputations will be done using 3-D code. The zone size
of 0.1-mm was used in the 2-D conmputations. Using the sanme zone
size, in 3-D computations would make the problem nuch bi gger and
woul d take a lot of tinme to run. To determ ne an appropriate
zone size, 2-D conputations were done using 0.1-mm O0.2-mm and
0.4-mm cell sizes. The conparison of the conmputational results
show that the pressures and critical velocities for these sizes
wer e about the sanme. This neans that the zone size |larger than
0.1-mm can be used, in 3-D conputations.

Two types of projectiles (spherical and cylindrical) were
used in the conputational study. The conputed critical
velocities, of the spherical and cylindrical projectiles, to
det onate the expl osive were about the sane.

A relationship between the critical velocity of the
projectile and thickness of the cover was established. It showed
t hat higher velocity was required to detonate the explosive with
thick cover. A relationship between the critical velocity of
projectile and its diameter was al so established. The results
suggest that thinner dianeter projectile required higher
velocity and thicker diameter projectile required a | ower
velocity to detonate the explosive. These observations are well
known to the explosive community. The cal cul ati ons suggest t hat
J-R may predict the proper trend with respect to H D, but they
may suggest that the JR di aneter dependence is wong at these
relatively high velocities.

The conputations were perfornmed at zero degree obliquity.
Future conputations will be perfornmed by varying the angl e of
attack between 0 and 90 degrees. The material and the nose shape
of the projectile may al so be vari ed.
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Figure 1. Projectile impacting the target



Figure 2. Pressure and Reaction Variable Contour Plots for the 3.2-mm/ms
Impact of a5-mm Spherica Projectile Against Comp B with 5-mm
Cover.



Figure 3. Pressure and Reaction Variable Contour Plots for the 3.1mm/ s
Impact of a5-mm Spherica Projectile Againgt Comp B with 5-mm
Cover.



Figure 4. Pressure and Reaction Variable Contour Plots for the 3.7-mm/ns Impact of
a15-mm Cylindrical Projectile Againgt Comp B with 15-mm Cover.



Figure 5. Pressure and Reaction Variable Contour Plots for the 3.6-mm/rs
Impact of a 15-mm Cylindrica Projectile Againgt Comp B with
15-mm Cover.
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Figure 6. Conparison of Conputed and Predicted (J-R) Critical
Vel octi es.



